One contribution of 10 to a theme issue 'Advances in risk assessment for climate change adaptation policy'.
A wide range of climate vulnerability and risk assessments have been implemented using different approaches at different scales, some with a broad multi-sectoral scope and others focused on single risks or sectors. This paper describes the novel approach to vulnerability and risk assessment which was designed and put into practice in the United Kingdom's Second Climate Change Risk Assessment (CCRA2) so as to build upon its earlier assessment (CCRA1). First, we summarize and critique the CCRA1 approach, and second describe the steps taken in the CCRA2 approach in detail, providing examples of how each was applied in practice. Novel elements of the approach include assessment of both present day and future vulnerability, a focus on the urgency of
Introduction
The UK was one of the first countries to advance a national assessment of climate change risks. In 1991, the Climate Change Impacts Review Group published a report on the potential effects of climate change in the UK [1] which was updated 5 years later [2] . Following the second report, the UK Government set up the UK Climate Impacts Programme (UKCIP) in 1997 to help coordinate scientific research into the impacts of climate change and to help organizations adapt to projected impacts. This programme facilitated a large number of studies (summarized by McKenzie Hedger et al. [3] and West & Gawith [4] ).
The 2008 Climate Change Act established a new statutory framework for adaptation. Within the Act, there was a requirement for Government to assess the risks of present and predicted impacts of climate change on the UK via a Climate Change Risk Assessment (CCRA). Following this, the first risk assessment was agreed to be delivered to Parliament by the end of 2011, with a continuing statutory obligation to repeat this process every 5 years. Moreover, the Act established an independent body, the Committee on Climate Change (CCC), and the Act specified that the CCRA should take into account the advice of the CCC Adaptation Sub-Committee (ASC) before going to Parliament.
The Act also requires the Secretary of State to lay a programme for adaptation before Parliament (a National Adaptation Programme, NAP). This must set out the objectives of the UK Government in relation to adaptation, proposals and policies (and timescales) for meeting those objectives, and an indication of how the risks identified by the CCRA report would be addressed in policy. The NAP is reviewed every 2 years by the ASC. This legal context is critical because it meant that the CCRA was political and technical.
A scoping study by Watkiss et al. [5] set out options for the CCRA. This included a review of UK and other international climate change risk assessments. The review made recommendations about the preferred methodological approach and governance structure for the CCRA, emphasizing the need to focus on current climate variability as well as long-term projections (combining a bottom-up and top-down approach), to adopt a strong policy-based approach, and to structure the analysis to provide information primarily for adaptation (as the objective). It also set out options for the governance arrangements for the CCRA, emphasizing the need to include the wide expertise base in the UK.
Since then, two rounds of the CCRA have been carried out, using very different methodologies. The first, known as CCRA1, laid before Parliament in January 2012, was performed by a team of contractors (private sector consultants, academics and government scientists) who designed and implemented a comprehensive structure to the assessment, including a large amount of consultation with users of climate risk assessment advice. This involved new analysis, making use of the significant resource of the UK Climate Projections (UKCP09, see electronic supplementary material) albeit with the impacts analysis and risk assessment undertaken in a short period of time. The second, CCRA2, laid before Parliament in January 2017, was academic-led and consisted of a review of the peer-reviewed scientific literature, much of which had applied the UKCP09 projections.
This paper continues with a description of the methodology used in CCRA1 ( §2) to set the context to CCRA2 ( §3). We then evaluate the novelty and value added by CCRA2 ( §4) before concluding with some reflections on possible directions for future work. 
The UK's first climate change risk assessment (a) CCRA 1 methodology
To produce the first CCRA, the UK Government commissioned a major multi-disciplinary 2 year project involving industry, research and stakeholder organizations. The work was procured as an independent analysis (using a private sector provider following a competitive tender process). The CCRA was funded by UK Government and Devolved Administrations with the objective of informing the NAP (published in 2013) by assessing current and future risks (and opportunities) posed by the impacts of climate for the UK to the year 2100. The project compiled findings into the CCRA 2012 Evidence Report [6] .
The Evidence report was followed by the CCRA 2012 Government Report [7] , which outlined the UK Government's views on the main issues raised in the Evidence Report, and set out the proposals to address these risks and Government priorities for adaptation (subsequently taken forward in the NAP). Both reports were laid before Parliament in January 2012.
The CCRA drew together and interpreted evidence regarding current and future threats (and opportunities) using 11 'sectors' to report results: Agriculture; Biodiversity & Ecosystem Services; Built Environment; Business, Industry & Services; Energy; Forestry; Floods & Coastal Erosion; Health; Marine & Fisheries; Transport; and Water. Information was also collated for five crosscutting themes.
The methodological approach used in the CCRA involved a series of steps (or Tiers), intended to prioritize the most important risks or opportunities (henceforth referred to as risks).
An initial review (figure 1a, '1. literature review and other inputs') was undertaken to identify the range of climate risks within each sector (figure 1a, '2. policy risk mapping'). This yielded a preliminary list of 700 risks. This tier was followed by a selection process that included sector workshops to identify the most important risks, and a multi-criteria analysis (figure 1a '3. identify main risks). Approximately 20% of the total number of risks across all sectors were selected for more detailed consideration.
These priority risks were then assessed using an impact assessment methodology (figure 1a, boxes [7] [8] [9] [10] [11] [12] [13] [14] [15] . The approach may be characterized as a top-down or science-first approach (see [8] ), which begins with global and then regional climate model projections, then progresses to quantify bio-and physical impacts using functional relationships (linking climate variables to impact) with either models or response functions (derived from theoretical or empirical analysis). The use of impact assessment was consistent with other national assessments at the time, but a focus solely on this method did not reflect the recommendations of the scoping report nor the emerging evidence on the limitations of this approach (for informing adaptation) that were already known at the time [9, 10] . Figure 1a summarizes the workflow in CCRA1.
For CCRA1, the analysis started with the UKCP09 climate projections [11] . These projections were fed into a large number (140) of individual impact assessment calculations. The full probabilistic projections were not used-instead, the 10th, 50th and 90th percentile changes from the distributions were used to sample the range in the subsequent physical impact assessment. A peer review process evaluated the overall method for each sector, and the applied impact functions. In some sectors, existing national integrated assessment models were used (e.g. for flooding); this allowed analysis of the combined effects of many variables across different receptors and risk pathways. However, for the majority of risks, impact models were not available (or the evidence base was low) and simple functions were adopted, often using single climate variables (for example, temperature). Where possible impacts were quantified, but where this was not possible, qualitative scoring was used based on literature review and expert judgement. The magnitude of the impacts was assessed against the interests of the UK as defined by the three 'pillars' of sustainable development: economy, society (including equity) and environment. Where possible, a distributional analysis of the impacts was undertaken and recorded, with an analysis of whether there was a disproportionate impact on vulnerable groups, using for example the index of multiple deprivation. At the end of the process, priority risks were valued the CCRA three-step methodology
• understand current vulnerability and assess current risks/opportunities and adaptation step 1
• understand future vulnerability and assess future risks/opportunities and adaptation step 2
• assign urgency categories to risks/opportunities to reflect the type of action required in the next 5 years, based on the outputs from steps 1 and 2. in economic terms. Valuing risks from the perspective of social welfare and thereby capturing the wider costs and benefits to society as a whole (rather than considering only the financial aspects) enabled analysis of their relative magnitude using a common metric. CCRA1 also assessed adaptive capacity by examining sector progress against a set of organizational and structural success factors using detailed questionnaires and interviews [12] . The analysis focused on the capacity of organizations to take effective adaptation actions (such as identifying climate risks and making well-informed, long-term decisions to increase resilience to the impacts of climate change). This found that capacity varied significantly across sectors, but that strengthening capacity was a priority across all areas.
In addition to magnitude scoring, risks were also summarized based on the confidence in the evidence base and the urgency of decisions (to address the risk) to identify the most important and pressing risks for the UK. Information about magnitude and confidence (but not urgency) was reported using consistent scorecards of all priority risks and opportunities. Urgency scores were included in the body of the Evidence Report (though not in the key findings) and summarized those risks where further action was urgently required (i.e. within the next 5 years). These were flood and coastal erosion, natural ecosystems, water resources, overheating of the urban environment (and health service risks from heat waves) and economic opportunities from adaptation (new products and services). The subsequent analysis in §3 reflects on the extent to which these priorities were addressed in the period before CCRA2.
The CCRA broke new ground in terms of its very wide sectoral coverage and the exceptionally large number of potential impacts considered, as well as use of a probabilistic format for national climate projections. This breadth led to interesting findings, for example highlighting impact categories that were not commonly identified in impact assessments at the time, but that could still be important (e.g. potential impacts on businesses and ecosystems). This also highlighted that national assessments, in other countries, may not have reported the full range of risks presented by climate change, although they may still have been capturing the most important risks. However, the breadth required to facilitate comparison between the many disparate risks inevitably led to reduced depth; the process was more time-consuming and resourceintensive than a more straightforward literature review and synthesis of existing sector-based risk assessments (such as an IPCC-type synthesis). As a result, the CCRA did not apply in-depth modelling to all known major risks, notably agriculture [13] , and thus the coverage was uneven.
It is also noted that the move from central projections for low, medium and high emission scenarios (based on the Special Report on Emissions Scenarios (SRES))-as developed with the UKCIP02 projections and their use in previous UK assessment, see West & Gawith [4] -to the probabilistic projections in UKCP09 [11] enhanced the potential consideration of uncertainty, but was extremely challenging to apply analytically and consistently across all areas. It also led to additional challenges with reporting of this uncertainty (due to uncertainty arising from the use of multiple emission scenarios, and from the probabilistic type information for each of these emission scenarios). Thus, CCRA1 results were primarily reported for single central projections only (in the summary). Furthermore, a refresh of UK specific socioeconomic scenarios had not been undertaken. This was a major omission, and while socioeconomic dimensions (low and high values for different socioeconomic factors such as population) were developed using existing government datasets and assumptions regarding population and economic growth, the application of socioeconomic change was applied very unevenly across different impacts. CCRA1 focused almost exclusively on domestic risks, and did not carry out new analysis of the effects of international risks affecting the UK. This was a deliberate choice, motivated in part by limited time and resources, as a Foresight project, 'International Dimensions of Climate Change', commissioned by the Government Office for Science had been recently published on this issue [14, 15] . The findings of that project were, however, summarized in CCRA1.
(b) Review and lessons from CCRA1
Following the completion of the CCRA, a number of reviews were undertaken to learn lessons and recommend priorities for the CCRA2. The first was undertaken by the team that led the CCRA process and the evidence report [16] . The second and third were independent reviews commissioned by the ASC [17, 18] . The final document, developed by the ASC itself [19] , set out the ASC views on the research and actions needed over the subsequent 2 years to pave the way for an improved risk assessment in 2017.
The self-assessment [16] identified the strengths and weaknesses of the approach. These reflect the earlier discussion, identifying positives (about coverage) and negatives (surrounding challenges of cross-sectoral and indirect risks, insufficient consideration of policy, lack of socioeconomic scenarios). Furthermore, the availability of data was identified as a project constraint, particularly given the tight timescales, and research gaps and data ownership and licensing issues were identified. The implementation of the approach was also considered to be uneven (good in some sectors, less so in others). Box 1 summarizes the most significant achievements and gaps of CCRA1 identified by Wilby [17] . The independent assessment [17] highlighted that a very large body of work had been compiled quickly. It concluded that the first CCRA was successful if measured against the Terms of Reference laid before the contractors. There was also a widely held view (from consultation) that the CCRA process had been as important as the research outcomes. A key outcome of the CCRA1 was considered to be the inventory of domestic climate risks generated through stakeholder consultation and synthesis of the scientific literature, notably as this had used a consistent set of climate projections and consistent method to look at current and future risks and opportunities.
On the other hand, the review identified a recognized limitation of the response function method used in the CCRA, which limited consideration of risks from multiple climate drivers. Furthermore, the sectoral emphasis meant that inter-dependent risks and those originating from outside the UK were only partially addressed. There are concerns that some response functions were applied when not really appropriate or in simplistic ways. The analysis also reviewed other national level climate risk assessments and concluded that although most had adopted the science first approach (as in CCRA), a policy-first framework (as set out by The Netherlands national assessment [20] ) was recommended for the second CCRA.
The review also advised that the second CCRA should take forward a much narrower and deeper analysis of priority risks identified in the first CCRA and by related studies. A series of governance recommendations were also made. Perhaps most important of these was that the UK Government should take steps to improve the wider enabling environment for regular climate risk assessment in the UK, notably with measures for strengthening institutional memory and governance; sustaining long-term monitoring and reporting systems; promoting freedom of access to data and analytical tools; growing technical capacities in public and private sectors; allocating resources for strategic research programmes and bridging organizations; disseminating findings and advice at all levels of governance; and piloting different adaptation measures [17] . This strongly highlights that the lessons from a periodic national climate risk assessment process are institutional and technical, and without the necessary steps, the opportunity to act, learn, then act again, is quickly lost.
The third review by Watkiss & Hunt [18] concluded that the CCRA method had focused primarily on direct risks, ignoring indirect risks and international risks which when combined, were likely to be as important (as direct risks) for the UK. It also found that the use of an impact assessment method had led to a more theoretical approach, which excluded current policy (even adaptation). This reflects the challenge of including autonomous and planned adaptation in an impact assessment method, but had the effect of over-estimating impacts. For example, when quantifying heat-related mortality, the assessment ignored the heat alert system in the UK. At the same time, the use of central scenarios when reporting did not capture uncertainty and thus lost important information about the range of outcomes, insufficiently reporting risk (including tail risks). This reflects the challenge of reporting such a large number of risks with uncertainty. As with the Wilby [17] , this review identified that choice of methodological approach (impact assessment) had led to an insufficient focus on current risks and not enough focus on adaptation, and had, therefore, been to the detriment of the key objective of the CCRA, which was to identify key risks for early adaptation.
Finally, the ASC itself considered the lessons from the reviews above, and published its own reflections [19] . The body set out the research needs and early actions that needed to be undertaken to inform the next (2017) CCRA2. This highlighted the need for a policy first approach-indeed, first and foremost, it concluded that the Government should establish clear objectives for the next risk assessment and that these should be set in the context of a set of national adaptation objectives. It also highlighted that the use of a private sector procurement model had been detrimental to the process (in terms of drawing evidence and expertise) and recommended an alternative that was more public orientated and broader based (following an existing national Foresight model). The think-piece documented the research that was needed on scientific information, impacts and adaptation for the next CCRA.
What is interesting is the adaptation-first approach recommended in all these independent reviews had been originally recommended in the 2009 scoping review. A key question is, therefore, why did the CCRA adopt a more classical impact assessment (alone)? One reason for this is that the Government had just published its new set of national climate projections, and wanted these to be at the centre of the risk assessment. In addition, the linear method of impact assessment aligns strongly with the normal policy appraisal development route in UK Government [21] : identify the problem, then assess the response. Unfortunately, this approach does not really work effectively given the unique challenges of adaptation (high uncertainty and the need to make early decisions in the short term). For the UK, evidence needs to be relevant to the 5-year planning period of the statutory national adaptation plan. Another explanation is that organizations (including Government) find it difficult to learn from other assessments and jump to more advanced methods directly (i.e. they may not go through a learning cycle themselves).
A final insight emerges when looking at what happened next, following the publication of the CCRA evidence report. One of the critical factors was that a change in Government occurred towards the end of the CCRA1 process. This led to a major change in policy with respect to climate change, and significantly altered the direction of the subsequent NAP [22] and its use of the CCRA evidence in informing adaptation priorities (somewhat negatively). This was evidenced by the lack of new policy announcements and specified budget within the NAP with which to take forward actions. Meanwhile, other policy initiatives, such as the Biodiversity 2020 strategy [23] , built upon a dedicated White Paper and contained ambitious, time-bound, quantifiable goals for habitat restoration. This highlights again that the translation of the CCRA into Law had advantages (the requirement for findings to be subsequently considered in policy) but also shifted to a political process and not just a technical assessment.
(c) Parallel developments in other national climate risk assessments Numerous climate risk assessments have been carried out at global, regional, national, city and local scales. They have been conducted by academic institutions, national or local governments, consultants or by businesses. They can encompass single (e.g. flood risk or ecosystems) or multiple sectors (e.g. water-energy-food nexus), via direct, indirect, cascading or physically remote impacts [24] . For example, the Dutch National Climate Adaptation Strategy [25] highlighted nine vulnerable sectors: water and spatial management; agriculture, horticulture and fisheries; nature; health; recreation and tourism; infrastructure; energy; IT and telecommunications; safety and security. The national climate risks requiring most urgent attention included: more heat stress caused by extreme weather conditions; more frequent failure of vital and vulnerable infrastructure due to extreme weather; increased health burden, lost productivity and higher costs due to potential rise in allergies and infectious diseases; and cumulative effects whereby failure or disruptions to one sector contribute to failure or disruptions elsewhere [25] .
Although the analysis was top-down (i.e. scenario-led impact assessment), the underpinning climate change scenarios (KNMI'14) were less conventional. Instead of presenting the scenarios on a variable by variable basis, they were grouped by combinations of two global temperature increases (moderate and warm) and two atmospheric circulation pattern changes ('low' and 'high' westerly airflows). Twenty-two user-relevant indicators were then created for each of the four scenarios (e.g. warmest summer day per year for healthcare). This format followed moves by other climate centres to limit the number of scenarios made available for national climate risk assessment. More generally, smaller sets of plausible scenarios have been described as representative climate futures (RCFs) [26] that can significantly reduce the effort required to evaluate risks for large numbers of climate models or probabilistic projections. By contrast, the approach adopted by CCRA (and to a lesser extent in CCRA2) was more explicitly tied to climate model experiments than to an RCF description (some say 'boundary object') that need not change between successive releases of climate model results.
The Third US National Climate Assessment (2014) was published between CCRA and CCRA2 (the Fourth US National Climate Assessment is due in 2018). The assessment documents observed and projected impacts for eight regions, rural communities and the coast, plus seven sectors and for 'widespread' impacts [27] . These included transboundary threats arising from multiple system failures (as seen when Hurricane Katrina struck New Orleans), widespread coral reef ecosystem collapse, and cascading effects across linked sectors (such as water supply and energy production/use). Two national scenarios were applied (SRES A2 and B1 emissions), comparing projections for 2071-2099 with the 1970-1999 baseline. The overall emphasis was very much on observed climate trends and vulnerabilities within these sectors and regions as indicative of future risks and opportunities. Other shared features with CCRA2 were the strong reliance on literature review and devolution of evidence to regions. There was also recognition of the benefits of a sustained (rather than quadrennial) assessment process in building national capacities to measure and evaluate climate impacts, including development of a suite of national climate impact indicators. A recent review of 70 indicators used by the ASC found that about 30% could still not be updated because relevant information was not identified, or data were not available or accessible to the analysts [28] . Hence, the CCRA2 approach had to strike a careful balance between 
pragmatism (i.e. working with what is available), technical rigour and feasibility, given the dual constraints of insufficient data and limited resources for additional analysis.
A key methodological development, which emerged in the scientific community in relation to climate change risk assessment between CCRA and CCRA2, was arguably the development of the new narrative scenario framework which combines climate change future, quantified in terms of combinations of representative concentration pathways (time series of greenhouse gas concentrations in the atmosphere [29] ) with socioeconomic narratives, quantified as shared socioeconomic pathways [30] . This is a very useful analytical framework, but it was not possible to incorporate this in CCRA2 due to the fact that the latter methodology is based on literature review rather than use of a top-down, harmonized scenario framework, partly due to budgetary constraints. Another development was an increased focus in the literature on low-emission scenarios, providing additional information about the risks associated with lower levels of global warming of 1.5-2°C above pre-industrial levels. This type of work has led to increasing discussions of the relationship between mitigation and adaptation and how this might affect the level of future risk. As this work was at a very early stage in CCRA2, much of this literature could not be reflected in the report.
The CCRA2 approach
The CCRA2 adopted a new comprehensive three-step methodology for analysing the priorities for adaptation actions based on climate risks, instead of applying a harmonized, top-down risk analysis as in CCRA1 (figure 1b). The three steps involved assessing (1) present climate vulnerability in multiple dimensions (while formally including non-climate risk drivers); (2) future vulnerability to both climate and non-climate drivers; and (3) prioritizing intervention options based on transparent criteria such as effectiveness, distribution consequences and the likely feasibility of implementation. In step (3), an 'urgency scoring' framework (figure 2) was used as a basis for prioritization. Each step is described below and a worked example relating to wildfire risk in the UK is included in the electronic supplementary material.
(a) Step 1 assessing current vulnerability in multiple dimensions
The CCRA2 approach was designed to gather evidence from the widest possible range of sources, while treating the information in a consistent way, regardless of the sector or system affected. The first step in the three-stage methodology for scoring urgency involved literature reviews of (i) present-day vulnerability, (ii) climate-related risks and opportunities, alongside (iii) existing levels of adaptation.
A glossary of key concepts and terms was developed for CCRA2 to improve consistency of interpretation and use of evidence [31] . Vulnerability was defined as the 'degree to which a system is susceptible to, and unable to cope with, adverse effects of climate change, including climate variability and extremes' In step 1, vulnerability depends on both exposure and sensitivity. Exposure was described as the 'presence of people, livelihoods, species or ecosystems, environmental functions, services and resources, infrastructure, or economic, social, or cultural assets in places and settings that could be adversely affected (by climate variability and change)'. Sensitivity is the 'degree to which a system is affected either adversely or beneficially by climaterelated stimuli'. Risk combines the likelihood of an event with the magnitude of its consequences. Consequences may be defined according to a variety of metrics including economic, social and environmental. Risks can be either adverse costs and damages (true costs including nonmonetary costs) or beneficial opportunities. In this way, risks of climate-related impacts were identified where there are existing (or expected) interactions between climate stressors with the vulnerability, exposure and sensitivity of human and natural systems. Hence, there is a risk of impact due to changes in both the climate system and socioeconomic processes. It should be noted that the term vulnerability has been variously defined by different groups and has evolved over time: in this assessment, the definition used is similar to that provided in IPCC (2007) [32] , because in step 2 it is also affected by the magnitude of climate change (see below).
By international standards, the UK has relatively low vulnerability and high readiness for climate change. According to the Notre Dame Global Adaptation Initiative (ND-GAIN) index (http://gain.nd.edu/our-work/country-index/rankings/), out of about 190 countries, the UK was ranked 8th least vulnerable and 14th most ready for climate change in 2016. This reflects the nation's comparative economic strength, quality of governance and education, standards of planning and development control, as well as investments in monitoring networks and research. Hence, a key task of step 1 was to identify those specific economic, social and environmental systems that are most vulnerable to year-to-year climate variability and extreme weather. This may arise by virtue of their high sensitivity to climate hazards and/or geographical location relative to emerging regional climate change signals.
Assessment of current vulnerability for CCRA2 was supported by new information on recent changes in key indicators, including temperature extremes, heavy rainfall events and peak river flow (e.g. [33] [34] [35] ). This was augmented by studies of individual high-impact events, providing attribution information not available to CCRA1. For example, climate model experiments suggest that the likelihood of episodes similar to the autumn 2000 floods in England and Wales, the 2003 European heatwave, and the 2014 record Central England Temperature have all increased due to human-induced climate change [36] [37] [38] . The importance of internal climate variability drivers was also emphasized, for instance by studies of the 2010-2011 cold winter [39] , 2013-2014 winter storminess [40] and flooding [41] . In the next step of the CCRA2 process, the effects of future changes in climate (as well as other drivers) are taken into account. 
(b) Step 2 (i) Assessing future vulnerability, including non-climate risk drivers as well as climate drivers
Future vulnerability is a function of exposure to climatic hazards, sensitivity and adaptive capacity, and hence a risk assessment must consider the future socioeconomic development pathway alongside the expected climatic change. For example, in the absence of adaptation, further economic and population growth can increase exposure (e.g. to drought). In CCRA2, the limited resources did not allow for the use of a set of harmonized future projections of climate change and socioeconomic scenarios which could be combined to produce a holistic set of climate change risk projections. Instead, it draws on evidence from the literature that uses a range of socioeconomic and climatic scenarios and assumptions. By contrast, the CCRA1 analysis of future vulnerability was underpinned mainly by changes in multi-decadal averages from the UKCP09 scenarios [11] . However in CCRA2, in addition to the use of literature that used UKCP09, CCRA2 analysts were able to draw on alternative climate modelling results, including future projections from the latest (CMIP5) generation of international climate models [42] as well as new socioeconomic scenarios [30] . The potential for socioeconomic shocks (e.g. in the wake of extreme weather events) was also considered in relevant parts of CCRA2.
In reviewing the literature, authors of CCRA2 were asked to consider (1) how relevant climatic factors and, therefore, impacts might change in the future, including an assessment of the uncertainties; (2) which socioeconomic factors could influence the risk/opportunity in the future, and how might changes in these affect the magnitude of the risk; (3) when considering changes involving crossing a threshold, to consider the likelihood of that change occurring; (4) (5) consider or quantify potential interactions between risks or opportunities and the net effects of risks or opportunities acting together for both incremental change and extreme events; (6) as well as producing a baseline for 'no additional adaptation action' also consider how currently planned adaptation, or future additional adaptation, would affect the overall future risk (see §2b).
The CCRA2 assessment also benefited from new evidence on future extreme weather derived from extensions of UKCP09 to provide new advice on daily [43] and seasonal [44] extremes that could be set in the context of recent events. Moreover, new capability emerged for estimating future changes in sub-daily rainfall extremes, using connective-scale simulations [45] .
In CCRA2, greater emphasis was placed on communicating the degree of confidence that can be placed in quantitative risk information available from climate model products such as UKCP09 or CMIP5. These included interpretations of the recent global warming 'hiatus' [46] , the plausible range for global climate sensitivity, and the potential for climate 'surprises' associated with phenomena not yet (or partly) represented by models [42] .
The above lines of evidence were synthesized, in particular, in a CCRA2 report on unlikely but plausible 'H++' scenarios, considering extreme outcomes for mean sea-level rise and changes in storm surges [47, 48] , heatwaves, cold spells, rainfall, river flows, droughts, windstorms and wildfires [49] . This drew extensively on UKCP09, CMIP5 and other climate model results, but also accounted for information from past observations and physical understanding (e.g. working through the potential consequences of a collapse of the Atlantic overturning circulation).
(ii) Treatment of adaptation
In the science-first, impact-assessment method (used in CCRA1), adaptation is the final step in the chain of analysis. Indeed, adaptation was assessed only after the CCRA was completed in the subsequent Economics of Climate Resilience (ECR) [50] and NAP.
For this reason and others (the focus on the medium-and long-term, the omission of existing policy and plans, and insufficient consideration of the objectives and factors determining the adaptation process, see [51, 52] ), impact assessment (on its own) does not provide the necessary information for early, practical adaptation. Reflecting on these lessons, CCRA2 more explicitly 
First, the assessment integrated existing policies and potential adaptation within the core CCRA2 process, rather than in an ex post stage as in CCRA1. Review teams were asked to consider how risks were/could be affected by three levels of adaptation:
-The current level of adaptation (assuming no additional action). This scenario was applied in the first stage of the urgency scoring framework in step 3 (see below). -Current objectives (planned or announced policy or actions) and autonomous adaptation.
This scenario was applied in the second stage of the urgency scoring framework. -Current objectives+ (beyond current policy) looking at the potential for planned adaptation.
Second, the framing of adaptation considered the challenge of uncertainty around climate change [53] , recognizing that this makes it difficult to estimate the benefits (and costs) of adaptation and that a predict-and-optimize approach is not appropriate. In response, an iterative risk management framework (decision-making under uncertainty) was adopted in CCRA2. This places a greater emphasis on adapting to current climate variability and future climate change uncertainty. It also developed a typology of three early adaptation interventions that were the priority for NAP and which review teams should identify. These were as follows:
-To address existing adaptation deficit in the UK by implementing 'low-regret' actions to reduce risks associated with current climate variability. -To intervene early to ensure that adaptation is considered in decisions that have long lifetimes, such as major infrastructure developments or land-use change, in order to avoid 'lock-in'. -To fast-track early adaptation steps for decisions that have long lead times and to initiate early activities that provide information to improve adaptation decisions in the future (e.g. by enabling research, monitoring and piloting to enhance learning).
At the national level in CCRA2, these three types of intervention are complementary. Finally, there was a focus on the potential barriers to adaptation such as market failures, policy failures, governance failures and behavioural barriers [54, 55] . These make it harder to plan and implement adaptation actions. In CCRA2, barriers were considered much earlier in the analysis, within the CCRA process itself rather than afterwards in the ECR of CCRA1.
(c) Step 3: prioritizing intervention options based on transparent criteria such as effectiveness, distribution consequences and the likely feasibility of implementation
When designing effective interventions, it is important for policy-makers to understand not only how risks and adaptation options may look in the future, but whether there is a case for additional policy or other actions. For CCRA1, the Government produced a specification outlining what the CCRA should produce and how. For example, the assessment was required to build on the latest set of UK Climate Projections, UKCP09. Less emphasis was placed on what the intended outcome should be for Government as a result of the CCRA [17] . This was remedied for CCRA2 through the creation of a customer requirement document, produced by the Department for Environment, Food and Rural Affairs in consultation with other Government departments and the Devolved Administrations. This paper asked for analysis to define the policy areas where additional adaptation action would be most likely needed in the 5 year period following the CCRA, from 2017 to 2022. The requirement paper also set out that such priorities might be where the level of risk was deemed to be high; where there are substantial evidence gaps in understanding the level of risk; and/or where the level of risk was increasing despite any actions already in place [56] . To set priorities for further Government intervention, CCRA2 used a simple conceptual framework based on the idea of 'urgency', using a flow chart method shown in figure 2 below [57] , which fits into the overall CCRA2 framework shown in figure 1b under the 'Step 3' box.
Each risk or opportunity assessed in the CCRA was assigned one of four urgency categories as shown in figure 2. 'More action needed' and 'research priority' are defined as those risks or opportunities requiring further work over the next 5 years, whereas 'sustain current action' and 'watching brief' risks and opportunities were defined as less urgent. The definitions used for each category were as follows:
-More action needed. New, stronger or different government policies or implementation activities-over and above those already planned-are needed in the next 5 years to reduce long-term vulnerability to climate change. -Research priority. Further investigation is needed in the next 5 years to fill significant evidence gaps or to reduce the uncertainty in the current level of understanding in order to better evaluate the scope for additional adaptation. -Sustain current action. Current or planned levels of activity are appropriate, but continued implementation of these policies or plans is needed to ensure that the risk continues to be managed in the future. This includes any existing plans to increase or change the current level of activity. -Watching brief. Evidence in these areas should be kept under review, with long-term monitoring of risk levels and adaptation activity so that further action can be taken if necessary.
To arrive at one of the four urgency categories, the report authors used the evidence collected on current and future vulnerability and degree of adaptation described above (see §2b), to derive a measure of the benefits of additional action in the next 5-year period. It was important for the urgency scores to be documented transparently, so each step of the framework for every risk was outlined in an accompanying document to the CCRA Synthesis Report. This material was subsequently checked by both a technical peer review panel and a stakeholder review. A particular analytical challenge arose when justifying 'more action needed' in the next 5 years. Assessing priorities for additional action on climate change adaptation using an economic framework is challenging for reasons, such as -Monetization of risks is desirable as it allows comparison of impacts across different sectors. However, the costs from the impact of a risk, and the benefits of action to mitigate the risk cannot be fully quantified in most cases due to uncertainties about the future scale and extent of the impact, and imperfect knowledge on the size of impact and effects of adaptation action to reduce the risk. This was found to be particularly true for risks associated with health and the natural environment, in CCRA2. -In some cases, there are limits to adaptation-even in a world where money is no object, it may not be physically possible to reduce the risk to zero or to an acceptable level, particularly in scenarios with higher levels of warming. These limits are not well quantified. -Risk acceptability criteria could be used as a basis for scoring where this is known, but although many policies may have implicit risk acceptability underpinning them, these judgements are often not clearly articulated.
Following a consultation period, in place of a precise cost-benefit exercise, the following criteria were instead used to justify those risks or opportunities where additional action was needed. 'More action needed' was assigned to the risk or opportunity where any of these statements was applicable:
. CCRA2 stopped short of then defining what precise actions should be taken. Resource limitations meant that a robust options appraisal exercise was not feasible within the scope of the project. CCRA2, therefore, carried the same limitations as CCRA1 on options analysis. Although CCRA1 was followed by an economic assessment [50] , this was not the case for CCRA2 as there was no budget within Government to take this work forward. Such an exercise needs to assess for each risk what options for further action are available; the costs and benefits of each; the distributional consequences of each option and other factors such as political or social acceptability. Separately from the CCRA process, the ASC reports biannually on progress on adaptation in England, which includes supporting analysis on the costs and benefits of different options for managing risks. This analysis is summarized in a series of recommendations to Government on further action, which the Government must publicly respond to (for example [58] ).
Discussion
The CCRA2 advanced the earlier CCRA1 methodology and reflected shifts in emphasis of climate risk and vulnerability assessment that had evolved within and beyond the UK researchpractitioner communities. At least five aspects of the CCRA2 approach are regarded as novel:
(1) By auditing both present-day and future vulnerability to climate risks, existing adaptation deficits are duly acknowledged. This provides a basis for understanding how existing exposures and vulnerabilities might evolve as both the climatic and socioeconomic context of the UK changes. (2) By basing the analysis on literature review rather than quantitative assessment of response functions, CCRA2 was able to assemble the evidence in a more inclusive and consistent way despite variations in the information available. (3) By focusing the analysis on urgency, attention was fixed on where action is needed most within the 5-year timeframe of the NAP (2018-2022). Although specific adaptation options were not identified, the CCRA2 framework was inherently 'solution' rather than 'problem' facing. (4) By structuring the Evidence Report around systems of receptors (e.g. 'People and Built Environment') rather than conventional sectors (e.g. 'Energy', 'Transport', 'Health'), chapter authors were compelled to think more deeply about the interconnectedness of risks and opportunities (including for those originating from outside the physical footprint of the UK). The overall benefit of the above innovations was that CCRA2 cost the UK taxpayer approximately £650 000 compared with £3 455 675 for CCRA, while also dovetailing better with the information needs of the subsequent NAP. However, the urgency scores are all ultimately based on expert judgement and, like the forerunner, CCRA2 was still hampered by evidence/data gaps in some important domains (e.g. high-resolution data on emerging or projected patterns of non-native species). The literature review was also potentially biased because it relied on information harvested from an open call for evidence, rather than a systematic appraisal process. A review process for CCRA2 was built in to the project from the outset. Success criteria were defined for the project early on, in consultation with end users, as follows:
1. The CCRA fulfils the ASC's statutory duty to provide independent advice to the Defra Secretary of State on the current and future risks and opportunities to the UK from climate change before 31 July 2016. 2. It is deemed fit for purpose by the CCRA advisory group. 3. It provides an interpretation of the key risks and opportunities to the UK (England, Scotland, Wales and Northern Ireland) from climate change. 4. It is completed on time. 5. It is completed within the specified budget. 6. It is conducted in a transparent way and there is opportunity for anyone to input. 7. It addresses the comments made through peer review. 8. It is considered by the majority of the academic community to be a robust and intelligent piece of analysis. 9. It is proved to be accessible, understandable, and is used by the policy community. 10. It gives new insights (not just a summary of what is already known) to the policy community on the risks and opportunities from climate change. 11. It improves upon the limitations and builds on the positive aspects of CCRA1.
These simple, measurable criteria were reviewed at the end of the project. Criteria 1-7 were evaluated through a simple tick box exercise, based on author, reviewer and stakeholder feedback collated by the ASC. Criteria 8-11 are more challenging to answer and require further research and feedback over time, once CCRA2 is used to underpin the next NAP and other areas of policy development. This paper provides part of that analysis, and it is expected that other independent reviews of the success or otherwise of CCRA2 will be undertaken, as was the case for CCRA1 (e.g. [17, 18, 59] ).
Conclusion
The attention given in CCRA2 to vulnerability, taking into account current adaptation deficits, and 'urgency' of action, means that the risk-based analysis should be more tangible and readily adopted by the National Adaptation Plan than the analysis provided by CCRA1. The integrating, cross-sectoral approach was a significant advance upon CCRA1, yet the process remains hampered by a lack of (or access to some other) important climate impact indicators. The CCRA2 approach was highly pragmatic and heavily dependent on goodwill, so it is unclear whether this would be repeatable in the future. Its findings were synthesized [60] and in particular a summary diagram highlighting how impacts in six key areas accrue with global warming [60, figure SR1 ]. These risks are to (1) flooding and coastal change impacts on communities, businesses and infrastructure; (2) health, well-being and productivity under extreme temperatures; (3) shortages of water supply for the public, agriculture, energy generation and industry; (4) natural capital, including terrestrial, coastal, marine and freshwater ecosystems, soils and biodiversity; (5) domestic and international food production and trade; and (6) new and emerging pests and diseases, and invasive non-native species, affecting people, plants and animals. These risks provide the basis for development of a small set of UK 'Reasons for Concern' (RFCs) for CCRA3 as a means of improving continuity and intelligibility of successive national scenarios. RFCs have been used at the global scale to provide a synthesis indicating how climate change risks accrue with global mean temperature rise [61] . Looking ahead, a well-supported and open suite of climate impact indicators will also be needed to track emerging risks and outcomes of adaptation interventions.
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